The release of industrial contaminants into the subsurface has led to a rapid degradation of groundwater resources. Contamination caused by Dense Non-Aqueous Phase Liquids (DNAPLs) is particularly severe owing to their limited solubility, slow dissolution and in many cases high toxicity. A greater insight into how the DNAPL source zone behavior and the contaminant release towards the aquifer impact human health risk is crucial for an appropriate risk management. Risk analysis is further complicated by the uncertainty in aquifer properties and contaminant conditions. This study focuses on the impact of the DNAPL release mode on the human health risk propagation along the aquifer under uncertain conditions. Contaminant concentrations released from the source zone are described using a screening approach with a set of parameters representing several scenarios of DNAPL architecture. The uncertainty in the hydraulic properties is systematically accounted for by high-resolution Monte Carlo simulations. We simulate the release and the transport of the chlorinated solvent perchloroethylene and its carcinogenic degradation products in randomly heterogeneous porous media. The human health risk posed by the chemical mixture of these contaminants is characterized by the low-order statistics and the probability density function of common risk metrics. We show that the zone of high risk (hot spot) is independent of the DNAPL mass release mode, and that the risk amplitude is mostly controlled by heterogeneities and by the source zone architecture. The risk is lower and less uncertain when the source zone is formed mostly by ganglia than by pools. We also illustrate how the source zone efficiency (intensity of the water flux crossing the source zone) affects the risk posed by an exposure to the chemical mixture. Results display that high source zone efficiencies are counter-intuitively beneficial, decreasing the risk because of a reduction in the time available for the production of the highly toxic subspecies.
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Problem Statement

91
The study focuses on a subsurface contamination by the chlorinated sol- tion under the anaerobic conditions assumed in our synthetic aquifer (Jain 98 and Criddle, 1995; McCarty, 1997 ). This will lead to the formation of the 
where q sz = Q sz /A sz , when Q sz is the total flow passing through the source at the edge of the source zone as a power law of the normalized mass of 168 DNAPL remaining in the source zone (see Figure 1) . Mathematically, this is 169 expressed as: 
where λ s is the biodegradation rate observed in the source zone. 
, and c
where the superscript (g) and (p) of the source flux-averaged concentration
202
(c s ), remaining masses (m), and power law exponent (Γ) refer, respectively,
203
to the ganglia and pools.
204
The relative mass leaving the source due to pools and ganglia is mainly 
where Q 
where f p + f g = 1.
212
While conceptualizing the source zone as a mixture of pools and ganglia,
213
it is useful to express the fraction of pool and ganglia in the source zone in 214 terms of their ratio, i.e. (Christ et al., 2005) .
215
The temporal evolution of the source concentration (8) is then expressed as 216 a function of a single metric by: 
where R i (x) is the incremental lifetime cancer risk (ILCR) due to the expo-240 sure to the chemical i at a given longitudinal position of the control plane x.
241
The individual ILCR due to the ingestion pathway is given mathematically
The ILCR considers the toxicity of the contaminant i through the metab- i (x) = max
In case of uncertain hydraulic properties of the aquifer,c i is described as 258 a random function that controls the resulting ILCR distribution. 
One of the main goals of the risk assessor is to locate areas of elevated risk.
267
These areas will be denoted as hot spots. While the ILCR is a temporally in which the probability of exceedance reaches a large value at a given time.
271
In addition, we define the temporal windows of persistence of the elevated 272 exceedance values as hot moments.
273
The statistical analysis of the two human health risk metrics spatial (for 274 R T ) and spatiotemporal (for ξ c i ) propagation was performed for a set of 275 scenarios. This allowed us to study the joined impact of (1) the degree of 276 heterogeneity in the uncertain hydraulic conductivity field, (2) the presence 277 of reactive toxic daughter products and (3) the DNAPL source zone discharge 278 behavior. the ILCR by its statistical moments and probability density functions (pdf s),
290
and the determination of the exceedance of MCLs in a probabilistic manner.
291
Random Hydraulic Conductivity Field. The spatial structure of the log-conductivity,
292
Y (x) = ln K(x), was described by its random space function. Without loss of 
297
We generated 500 Y-fields to be used in the Monte Carlo framework. The Table 2 .
303
Flow and Reactive Transport. For each of the 500 stochastically pre-generated 304 equiprobable Y -fields, the Monte Carlo scheme consisted of three main steps:
305
(1) solving the flow problem; (2) solving the reactive-transport problem (Eq. 2011) (see Table 3 ).
328
Source Zone. A large number of PCE particles (10 5 ) was uniformly and in- 
334
The flux-averaged concentrations resulting from the release of DNAPL 335 expressed in (Eq. 5) were simulated using the principle of superposition that 336 states that
where c δ i is the Dirac-input solution of the flux-averaged concentrations for species i. For numerical purposes, the source term can be discretized in step functions to give
when ∆c s,j = c s,j − c s,j−1 and H(t) is the Heaviside step function. The prin-338 ciple of superposition (Eq. 15) can now be written in terms of the estimated 339 cumulative breakthrough curves as
The initial concentration of PCE in the source zone was fixed at 0.1 g.m 3 ,
341
for an initial total mass of 300 kg. Moreover, the chlorinated solvent was Results from the simulations are displayed in this section with regard to the following organization: First, the observed impact of the power exponent of the DNAPL source-zone mass-transfer model (reflecting the DNAPL architecture) is shown both on the probability of exceedence of the MCLs (in section 4.1) and on the expected value and the pdf of the total ILCR (in section 4.2). Secondly, the potential impact of a two-domain style mass release model (Eq. 8) on the total ILCR is described (in section 4.3). Results are presented in terms of dimensionless spatial and temporal variables. We normalize the longitudinal distance from the injection by the integral scale as ζ = x − x inj λ , and the elapsed time by an approximate advective time needed to travel an integral scale, i.e.
where K G is the geometric mean of the hydraulic conductivity and J is the 351 hydraulic gradient. On the other hand, it is interesting to observe that the exponent Γ does 
The critical timet c depends on risk parameters (toxicity, exposure du-424 ration and frequency, physiological properties in individuals) and reaction 425 parameters (decay, retardation) and can be evaluated analytically, as
where R e i is a time dependent effective retardation factor related to a species 427 transition PCE → species i, and S is a matrix composed of the eigenvalues of .
The Heaviside function is an easily conceptualized model to describe the 450 temporal evolution of the source zone concentration that produces the highest to the source zone mass release decreases with the degree of heterogeneity.
462
These observations can be expressed by the following regression model ob-
463
tained over all realizations with equal σ
where a 1 , a 2 and a 3 are fitting parameters depending on σ 
482
More importantly, the results depicted in Figure 7 demonstrates the sub- T ). The following simple additive relation is then observed:
Using this relation, a large number of ganglia/pool fractions can be tested T . Figure 9 shows the impact of 506 the GTP ratio on the total risk pdf s. The more the GTP ratio tends to 507 zero (i.e., the sole presence of pools in the source zone), the more the typical The GTP ratio can be treated as a random variable owing to the low were therefore randomly generated from a normal and a uniform distribution,
515
both using a mean of 5.0. Figure 10 displays the resulting total risk pdf s.
516
The randomization of the ganglia to pool ratio does not seem to have an 517 impact on risk distributions, adding a simple noise around the mean risk. total risk and the source zone efficiency.
531
Interestingly, an apparent power law correlation (R T = α η β ) can be 532 observed. The negative correlation implies a beneficial effect of η on the 533 system, i.e. the total ILCR decreases when the source efficiency increases.
534
Intuitively, a large η, enhancing flow focusing effects at the source zone, will increase the probability to decrease the risk near the source zone. This 548 decrease in risk is also observed when the plume moves downstream but 549 vanishes progressively owing to the spread of the plume and to the inability of 550 the metric η to describe the travel time when the traveled distance increases.
551
By performing a regression analysis, we obtain the power exponent of the 552 data set in Figure 11 . The power exponent informs us about the degree of 553 sensitivity of R T to η and the regression coefficient of determination can be 554 seen as an indicator of the degree of correlation. Figure 12 depicts the total 555 risks that are highly sensitive to the source zone efficiency at short distances.
556
The degree of correlation between the risk and the water flux passing through and η > 1.
571
The analysis was performed using the set of simulations related to a pool 572 fully-dominated source zone (Γ = 0.5). Figure 13 shows the clear difference lifetime cancer risk prediction based on an expected ganglia-to-pool ratio.
615
The Role of Source-zone Efficiency. As a complement to the above analysis of 
